Metallic glasses are highly attractive because of their superior strength, relatively low Young's modulus and superb corrosion resistance[S1], etc. By combining a metallic glass with different materials, synergy effect can be expected in the mechanical properties and corrosion resistance, for example. Fabricating a thick metallic glass layer on a substrate material by thermal spray process is one way to bond these materials. In such practice, however, the temperature of the sprayed metallic glass and that of the substrate must be kept relatively low in order to avoid crystallization and/or oxidation of the amorphous deposits. Warm Spray is a modified version of HVOF spraying developed by National Institute for Materials Science (NIMS) suited for spraying of heat sensitive feedstock materials. In the process, high-velocity solid particles heated to the temperatures below its melting point are projected on to the substrate. A Zr-base metallic glass powder was warm sprayed onto cylindrical substrates of 316L stainless steel to various thicknesses. Negligible crystallization and oxidation were observed in the deposited layer of the glass alloy. The linear relationship between the thickness of the glass alloy layer and the Young's modulus of the composite bar demonstrated that the mechanical property of such composite structures can be controlled.
Introduction
Amorphous alloys have homogenous structures without grain boundaries and inclusions, compared to crystalline metals with the same chemical composition owing to their random atom arrangement. 1) Based on this structure, amorphous alloys have primary excellent characteristics such as high strength, soft magnetism and high corrosion resistance. Since amorphous alloys showing comparatively stable supercooled liquid state was found, 2) fabrication of bulk amorphous alloys became possible. These alloys were termed as metallic glass, which is promising as a structural material for special applications such as micro sensors, micro-machine units, battery components, and medical devices.
In addition to the advantages described above, Zr-base glass alloy, for example, shows Young's modulus around 80 GPa, which is lower than that of the conventional metallic biomaterials such as 316L stainless steel, which is around 200 GPa.
3) If such metallic glasses are used for bone fixation devices and artificial joints, the stress shielding to bone by the device could be reduced because human bone has a very low Young's modulus typically around 20 GPa, leading to the decrease of bone absorption. So far, aiming at use as the implant material of zirconium (Zr)-base and Pd-base glass alloy, several studies have been conducted to evaluate their mechanical properties 4, 5) and corrosion resistance. [6] [7] [8] In order to use glass alloy as a structural material in bone fixation device and artificial joint, where the material will experience both impact stress and the repeated stress, however, there might be some risks in reliability because of its insufficient toughness. This leads a concept of using the glass alloys in combination with conventional metallic biomaterials as one of the effective solutions to take advantages of both materials, i.e. high strength and toughness.
Several schemes can be adopted in how one combines the two materials such as homogenous dispersion of the two materials or bonding the two materials in some configurations such as layers or fibers of one material embedded in the matrix of the other. In this paper, the layer-type configuration was selected, taking into account the suppression of galvanic corrosion between two different metals. On the outer surface of such devices, only one metal with superior corrosion resistance should be exposed to the surrounding medium. As the techniques for bonding between the glass alloy and another material, powder sintering, 9) casting 10) and thermal spraying 11) etc were mentioned in the literature. It is necessary to control the thickness of a glass alloy layer from tens of micron to a few millimeter order in order to investigate the mechanical properties of the layered composites, especially in the bonded states. Also, in the processing of the glass alloy, keeping the material's purity and amorphous structure is essential, and applicability to complicated substrate shape at high productivity will be desired for industrial realization in the future.
Taking into account these conditions above, thermal spray processes appear to be a possible option. Among various thermal spray processes developed to date, a class of spray processes which do not heat the feedstock material excessively but accelerate the sprayed particles to high velocities typically over 500 m/s is promising because the effects on the unique atomic structure of the glass alloy can be minimized while high coating density is expected due to high particle velocity. Such high-velocity spray processes include detonation spray, high-velocity oxy-fuel (HVOF) spray, 12) and cold spray. 13) In this paper, a new spray process developed by NIMS based on HVOF thermal spraying was selected. The process is called as the 2-stage HVOF or Warm Spray as it uses a second chamber to mix nitrogen gas with the hot combustion gas to lower the gas temperature used to heat and accelerate the powder particles. 14) This process is characteristic of continuous impact/deposition process of supersonic solid particles under atmospheric situation. Regarding deposition of such amorphous materials and glass alloys by these spray processes, the deposition mechanism and the performance as environmental barriers were mainly focused on in the literature. 11, 15, 16) In this research, deposits of a Zr-base glass alloy were fabricated by Warm Spray with changing the process parameters firstly. The deposits obtained were evaluated by various analytical methods to determine the most suited spray parameters. In order to examine the mechanical properties and the deformation behaviors of the intended composites, an outer layer of the Zr-base glass alloy with different thicknesses was formed on the 316L stainless steel rod substrate, which was then subjected to tensile testing.
Experimental

Preparation of glass alloy deposits
Powder of Zr-base glass alloy was used as the feedstock for fabrication of deposits by Warm Spray, which was prepared by levitation atomization at Daido Steel. Then, the asreceived powder was sieved to 25$53 mm in particle size. The chemical composition of the powder was Zr-12.3Cu-7.6Ni-3.5Al (mass%). Substrates for deposition of the Zrbase glass alloy were blasted with alumina grit and degreased prior to the spray process. The process conditions of Warm Spray are shown in Table 1 .
Evaluation of physical and chemical properties of
glass alloy deposits Low carbon steel plates (JIS SS400: 100 Â 50 Â 5 mm) were used as the substrates for evaluation of several physical and chemical properties of the Zr-base glass alloy deposits. The deposits were prepared under the fabrication procedures explained in the section 2.1, and subsequently examined by the following methods. The cross section of the deposits was observed by an optical microscope (Olympus BX-60) and SEM (JEOL JSM-6500F). A small piece of each specimen consisting of the deposit attaching on the substrate was cut away, which was embedded into an epoxy resin, and then the cross section of the specimen was exposed through the conventional polishing technique. Open porosity of the deposits was measured by mercury intrusion porosimetry by detaching the deposits with the thickness of around 1 mm from the substrate and by crushing them to granular fragments of approximately 5$8 mm in length. The barrier property of the deposits, i.e. the packing density, was checked through the immersion test of the deposits sprayed on specimens with the thickness of around 400 mm. The specimens were cut into 2.5 cm square and used as the test pieces. The deposit side of the test piece was left with the surface area of 2.0 cm 2 , and the rest of the surface was insulated with a silicone resin. The test pieces were immersed into the artificial seawater for 3 days at room temperature. Furthermore, the chemical composition of the deposits was determined by the fusion gas method after preparation of the samples with the same technique as for mercury intrusion porosimetry. The crystallographic property of the as-deposited specimen of the glass alloy was identified by an X-ray diffractometer (Rigaku RINT 2500). The feedstock powder of Zr-base glass alloy was also subjected to the chemical analysis and the XRD measurement.
Tensile test of composites
The scheme of tensile test is shown in Fig. 1 . Tensile specimens with a straight part of 13 mm length and 4 mm diameter were prepared from commercial JIS 316L stainless steel rods, whose mechanical properties are listed in Table 2 . Then, they were preloaded up to 85% of their tensile strength in order to increase their yield strength, that is, to suppress their plastic deformation, because commercial 316L stainless steel bars exhibit low yield strength. On the whole surface of the preloaded rods treated by grit blasting with alumina, the glass alloy was deposited through the procedure described in 2.1. During the spray process, the rods were rotated at 30 revÁsec À1 and the spray gun was moved axially at 14$60 mmÁs À1 to accumulate a different deposition thickness. For further thick deposition, the same spray process was repeated. The deposition thickness was measured axially at three points with a micrometrical gauge to confirm a uniform thickness. By changing the deposit thickness, the fraction of the deposited glass alloy to the total cross section of the deposited tensile specimens in the straight section changed from 0.07 to 0.63 approximately. The surfaces of the specimens were finished with #600 emery papers in the direction of the tensile axis.
Tensile tests were carried out at a constant crosshead speed of 1 mmÁmin À1 using a screw-driven testing machine (Shimadzu Autograph AG-1 10 kN). Two strain gages were adhered to each tensile specimen for measuring its surface strains, which will later be used to calculate the apparent Young's modulus of the composite rod. After testing, fracture surfaces were observed by SEM.
Results & Discussion
Crystallographic properties of glass alloy deposit
The XRD patterns of the Zr-base glass alloy deposits are shown in Fig. 2 , compared with that of feedstock powder. The feedstock powder was amorphous because no obvious peaks except the hallow peak around 30$40 degree were observed, which is characteristic for such amorphous materials. On the other hand, the deposits prepared under the spray condition A (termed as deposit A below) shows some diffraction lines as well as the hallow peak around 30$40 degree. All these diffraction lines were assigned to zirconium oxide, ZrO 2 (JCPDS-ICDD Data Card No. 00-042-1164). The deposit prepared under the spray condition B (termed as deposit B below) shows considerably smaller intensity of the diffraction lines relative to the hallow peak than that under the condition A. Therefore, the deposits in this paper contained the oxide formed by oxidation during the spray process while the glass alloy matrix of the deposits could keep the amorphous structure. Crystallization of the Zrbase glass alloy was not observed in this study because the temperature of in-flight particles during Warm Spray could be comparatively low and the heating duration was as short as 1 ms. Under those two spray conditions it was supposed that the condition A had higher impact temperature of the in-flight spray particles than the condition B while both the conditions provided the almost same velocity, taking into account the calculation and observation previously reported for Warm Spray of supersonic jet and metallic titanium particle. 17) This dependence of the particle temperature on the jet condition is applicable to the present case because a Zr-base glass alloy, Zr-10Al-25Cu-10Ni, is considered to have thermal conductive characteristic similar to titanium. The thermal diffusivity of the Zr-base glass alloy was estimated 7:0 Â 10 À6 m 2 Ás
À1
close to metallic titanium of 7:2 Â 10 À6 m 2 Ás À1 , referring to thermal data of the Zr-base glass alloy for thermal conductivity 18) and heat capacity. 19) Therefore, the present result also confirms that lowering of the process temperature is effective to suppress the oxidation level of the resulting deposits.
Purity of glass alloy deposit
There were no difference in each metallic content between Intensity, I / a.u. the feedstock powder and the deposits, as listed in Table 3 . Therefore, chemical composition of metallic elements was kept during spray process. With respect to the oxygen content of the deposits, the deposit B was considerably lower than the deposit A and was almost twice as high as the feedstock powder. The decrease in the oxygen content by lowering the temperature of the in-flight particle was in accordance with the result of the XRD measurement.
Density of glass alloy deposit
The cross sectional images of the Zr-base glass alloy deposits prepared under the different spray conditions were compared in Fig. 3 . In this paper, the cross sections were not treated with any etching processes. In the cross section of both the deposits, black areas were observed. The deposit B seems to have larger black areas in total than the deposit A. These black areas were presumably due to the pores, which were left unfilled during the spraying process resulting in the continuous impacting and stacking of the sprayed particles. In addition, some of these pores might have been formed during polishing process to prepare the cross sections of the deposits. When cohesion among the stacking particles was insufficient due to insufficient thermal and kinetic energy upon impact, the loosely bonded particles may be pulled out during grinding and polishing. The open porosity of the deposits A and B determined by mercury porosimetry was 0.52 vol% and 3.1 vol%, respectively, supporting these considerations.
Furthermore, the barrier property of the deposits prepared onto the steel substrate can be estimated visibly from the result of the simple immersion test into the seawater. The appearance of the specimens after immersion was compared in Fig. 4 . The number of red and brown spots observed on the surface of the deposits B was much greater, as compared with the deposits A. These red spots were derived from corrosion of the steel substrate; dissolved iron ions migrated through the connected pores within the deposits, forming corrosion product on the surface where supply of oxygen is sufficient. Therefore, the less number of red spots indicates higher packing density of the deposits.
These results are summarized in that both the deposits of Zr-base glass alloy prepared under the two spray conditions in this paper had the amorphous structure. The deposit prepared under the condition B had higher purity in terms of contamination by the oxide than that under the condition A although the packing density of the former was lower. Both the oxidation rate and the plastic deformability of the impact particles depend on the temperature upon the solid impact process. Therefore, it is considered that the oxidation rate of the deposits obtained was decreased with the fall of the temperature while their porosity was increased because of lowering of the packing density of the particles of the deposits. In the rest of this study, since the effect of combination of the bulk glass alloy with the crystalline metal substrate on the mechanical properties of the resulting composites was the primary issue, the condition B was selected to fabricate the specimens for tensile test discussed below. This is because it was supposed that the deposit containing less oxide might have smaller number of starting point of fracture during the tensile tests.
Mechanical properties of composites
An example of measured load-crosshead displacement curve is shown for the composite with a volume fraction of Zr-base galls alloy of 0.25 in Fig. 5 . The load-displacement curve exhibits a large load drop immediately after reaching the maximum tensile load at point c, where the glass alloy layer on the specimen surface was fractured, and the deformation region (a-c) of the composite is divided into two regions, linear region and curved region, by point b. The tensile strength of the glass alloy layer was about 830 MPa, which was estimated from the maximum tensile load for the composites with various volume fraction of glass alloy deposit using the rule of mixture, as shown in Fig. 6 . The dog-bone type tensile specimens were covered from the upper grip part to the lower grip part with the deposited glass alloy. Even after the deposited layer was fractured during tensile testing, it was not detached from the surfaces of the a b Fig. 3 Cross sections of Zr-base glass alloy deposits sprayed on steel substrate. Spray conditions were (a) A and (b) B. grip parts, although it was detached from that of the straight part. This means that the rule of mixture for a parallel composite model holds true for the tensile specimens with the deposited glass alloy. The tensile strength of the glass alloy layer was much lower than that (about 1300 MPa) of the bulk glass alloy prepared by powder metallurgy. 4) Since the loadcrosshead displacement curve contains the elastic deformation of the testing machine system in addition to the deformation of the test specimen, two strain gages attached on the specimen surface were used for measurement of the initial strain of the specimen. Figure 7 shows an initial region of the stress-strain curve for the composite shown in Fig. 5 . The curve consists of a linear region, a-b, and a curved region, b-c, before the glass alloy layer fractured at point c, and this deformation behavior is similar to the initial part in Fig. 5 . Apparent Young's modulus of the composite specimen was calculated using the initial linear part of the stressstrain curve. Meanwhile, the fracture strain of the glass alloy layer was found to be about 1% in Fig. 7 , which is also smaller than the reported value 1.7% of the bulk material with the same chemical composition. 4) The fracture strain of the glass alloy layer was 1:18 AE 0:10% for almost all the composite specimens tested in this experiment. This means that, although the glass alloy composite exhibited a plastic deformation in Figs. 5 and 7, the glass alloy itself fractured in the elastic deformation region. The tensile strength estimated by using the rule of mixture, about 830 MPa, of the glass alloy layers also agrees reasonably with a value of 900 MPa that is estimated from the fracture elongation of the deposited layer and that of the bulk material, i.e., 1300 MPa Â 1.18/1.7.
In order to better understand the measured stress-strain curves of the tested composites, a schematic diagram of nominal stress-strain curves of 316L stainless steel, glass alloy and a composite material made by combining the former two are shown in Fig. 8 . The 316L stainless steel substrate and the deposited glass alloy layer for the composite material should have the same elongation before the fracture of the deposited layer. Thus, when the composite is deformed up to the linear elastic limit " 1 of the 316L stainless steel, it exhibits a linear stress-strain relationship obtained from the rule of mixture about their Young's modulus, because the linear elastic region of the deposited layer is larger than that of the 316L stainless steel. When it is deformed from " 1 to " 2 , it exhibits a stress-strain relationship obtained from Young's modulus of the deposited layer and the work-hardening rate of the 316L stainless steel. After the deposited layer is fractured, only the 316L stainless steel substrate is responsible for deformation and the nominal stress, i.e. load decreases abruptly.
Most of the deposited layers on the specimen surfaces were fractured at the interfaces between the amorphous particles forming the layers, although there were some vein patterns on the fracture surfaces, i.e., trans-particle fracture surfaces (Fig. 9) . Therefore, the smaller fracture elongation and the lower tensile strength of the deposited layers should be attributed to the internal pores and oxides in the deposited layers. It was also observed that the deposited layers were debonded from the substrate when they fractured at point c in Fig. 5 or 7 , which indicates that the normal stress at the interface between the amorphous layer and the substrates due to the reduction of area of the substrate exceeded the bonding strength between them at some point between point b and c. Figure 10 shows the relationship between the apparent Young's modulus of the composites and the volume fraction of the deposit. This figure indicates that the rule of mixture holds true for Young's modulus of the glass alloy layer/ stainless steel composites fabricated by the warm spraying process. For further improvement, it is necessary to raise the purity and the packing density of the deposited glass alloy layers. Also, interfacial bonding should be increased between the glass alloy deposits and the substrate. 
Conclusions
Highly dense Zr-base glass alloy deposits with porosity below 3 vol% could be formed on the substrate of 316L stainless steel by using the Warm Spray process. The amorphous structure of the Zr-base glass alloy could be maintained during the spray process because of the comparatively low processing temperature and short heating duration of the sprayed material. The amounts of porosity and of ZrO 2 contained in the resulting deposits were found to be sensitive to the spraying condition. When the temperature of the gas mixture used for spraying is higher, porosity decreased whereas the oxide increased.
The apparent Young's modulus of the layered composites of the Zr-base glass alloy coupled with 316L stainless steel followed the rule of mixture, which implies that the Young's modulus of the deposited glass alloy layers were close to that of the sintered bulk. On the other hand, the deposited glass alloy layers were estimated to have about 64% of the tensile strength of the bulk glass alloy and the tensile fracture strain of the deposits was about 69% of the bulk material. It is reasonable that these two values are close with each other considering that the glass alloy deposits fractured in the elastic region.
Since Zr-base glass alloy has considerably high corrosion resistance, composites covered with a surface layer of the metal glass can be expected for application to medical device and material. 
